ABSTRACT. We previously reported the presence of brown/beige adipocytes in the white fat depots of mature cattle. The present study examined the effects of dietary vitamin A on the expression of brown/beige adipocyte-related genes in the white fat depots of fattening cattle. No significant differences were observed in the expression of Ucp1 between vitamin A-deficient cattle and control cattle. However, the expression of the other brown/beige adipocyte-related genes was slightly higher in the mesenteric fat depots of vitamin A-deficient cattle. The present results suggest that a vitamin A deficiency does not markedly affect the expression of Ucp1 in white fat depots, but imply that it may stimulate the emergence of beige adipocytes in the mesenteric fat depots of fattening cattle. KEY WORDS: beef cattle, beige adipocyte, brown adipocyte, Ucp1, vitamin A
Brown adipocytes dissipate chemical energy in the form of heat against cold exposure or excess feeding [6] . The thermogenic function of brown adipocytes has been attributed to the expression of a series of genes related to a high mitochondrial content and elevation in cellular respiration that is largely uncoupled from ATP synthesis [6] . This uncoupling occurs through the expression of uncoupling protein 1 (Ucp1), a proton channel located at the inner mitochondrial membrane [9] .
Beige adipocytes, also known as brite adipocytes, were originally called Ucp1-positive adipocytes and have been detected in murine white fat depots [25] ; however, the molecular signatures of beige adipocytes were shown to differ from those of brown adipocytes in classical brown fat depots located at the interscapular region in mice [23, 24] . Not only infants, but also adult humans possess Ucp1-positive adipocytes at the supraclavicular region and neck, and these have been identified as a mixture of brown and beige adipocytes based on their gene signatures [8, 23, 24] .
We recently detected brown/beige adipocytes in the white fat depots of fattening cattle [3] . The activation of brown/ beige adipocytes is preferable in adult humans, because of its potential usefulness in preventive or therapeutic procedures for obesity. However, this is not preferable in beef cattle, because it decreases fattening efficiency, which is calculated as a ratio of body weight gain to feed intake. Feed ingredients have been shown to affect the activity of brown/beige adipocytes in beef cattle; the expression of Ucp1, which is frequently used as an index of the activation of brown/beige adipocytes [4, 14, 20, 21, 23, 24] , was higher in the subcutaneous fat depots of cattle fed a high concentrate diet than those fed a high roughage diet [3] . To develop more efficient fattening programs for beef cattle, dietary factor (s) that affect the expression of Ucp1 and brown/beige adipocyteselective genes should be explored in more detail.
Retinoic acid, which is metabolized from the provitamin A β-carotene, is known to stimulate the transcription of murine Ucp1 [2] . Previous studies have demonstrated that the vitamin A status affects the expression of murine Ucp1 in classical brown fat depots; dietary supplementation with vitamin A increased the expression of Ucp1 [11, 12] , whereas a vitamin A deficiency suppressed it [5] .
Although dietary vitamin A is frequently restricted in fattening beef cattle to improve beef marbling, the plasma concentration of retinol has to be maintained above 40 IU/ dl to prevent a severe vitamin A deficiency [16] . Yamada et al. [27] reported that the plasma concentration of retinol decreased with fattening in steers fed orchard grass hay and concentrate, reached approximately 20 IU/dl at 24 months of age and was thereafter maintained at approximately 40 IU/ dl. In contrast, the concentration of retinol was maintained above 60 IU/dl in the plasma of steers fed a fermented total mixed ration (TMR) with more β-carotene during the fattening period [27] . Therefore, the expression of Ucp1 may be lower in moderately vitamin A-deficient cattle fed orchard grass hay and concentrate than in fattening cattle fed the fermented TMR. The objective of this study was to clarify the effects of the vitamin A status in beef cattle during the fattening period.
Eight Japanese Black steers aged 10 months were used. They were fed hay and concentrate containing 5,000 IU/kg of vitamin A on an ad libitum basis before the experiment. The feeding experiment was the same as that reported by Yamada et al. [26, 27] . Data on daily feed intake, body composition and the plasma concentration of retinol were shown previously [26, 27] . The steers were raised in a stall covered with sawdust. They were allowed free access to drinking water and a mineral block (Cowstone, Nihon Zenyaku Kogyo, Koriyama, Japan). Feeds were individually provided by a door feeding system (Orion Machinery, Kyoto, Japan). The steers were allotted by body weight to 1 of 2 groups: the control group (n=4) or vitamin A-deficient group (n=4). Two kinds of fermented TMR containing whole crop rice silage, fermented by-products (beer cake and tofu cake) and concentrate were prepared in a TMR center and fed to the steers in the control group. Total digestible nutrients (TDN), crude protein (CP) and β-carotene contents in the TMR for steers aged 10-20 months were 72%, 13% and 16 mg/kg as dry matter basis, respectively, and those for steers aged 21-30 months were 77%, 14% and 7 mg/kg as dry matter basis. The TMR was stored in under a sealed condition until feeding. The steers in the vitamin A-deficient group were fed roughage (orchard grass hay) with 56% TDN, 8% CP and 0.5 mg/kg β-carotene and a concentrate mixture consisting of corn, barley, wheat bran, rice bran and soybean meal (Nasuno for Wagyu Fattening; JA Higashi-nihon Kumiai Shiryou, Ota, Japan) with 88% TDN, 15% CP and 0.1 mg/kg β-carotene. The supplied dry matter amount of orchard grass hay in the vitamin A-deficient group was matched to that of whole crop rice silage in the control diet to equalize the ratio of roughage to concentrate between the 2 groups. To eliminate the influence of the total TDN intake between the groups, the steers were pair-fed for 20 months. The collection of fat depots was described previously [28] . All animals received humane care as outlined in the Guide for the Care and Use of Experimental Animals (National Institute of Livestock and Grassland Science).
Total RNA isolation and cDNA synthesis were conducted as described by Asano et al. [3] . cDNA, which was reversetranscribed from 10 ng of total RNA, was used as a template for RT-quantitative PCR (RT-qPCR). The oligonucleotide primers for RT-qPCR have been described previously [3] , except for Fabp4. The PCR primers for Fabp4 were 5′-ggtacaagtacaaaactgggatgg-3′ and 5′-ccagcaccatcttatcatcca-3′. The C t value was determined, and the abundance of gene transcripts was calculated from the C t value by normalizing against Hprt1. Expression levels in each WAT depot in the control group were set to 100.
Data are expressed as the mean ± SE. Data on gene expression were log-transformed to provide an approximation of a normal distribution before analyses. Differences between the control group and vitamin A-deficient group were examined using an unpaired t-test. Differences of P<0.05 were considered significant.
No significant differences were observed in the expression of Ucp1 in all white fat depots between the control and vitamin A-deficient groups (Fig. 1A) . The expression levels of Ucp1 in the mesenteric fat depots and intramuscular fat depots in the control group were numerically lower and higher, respectively, than those in the subcutaneous fat depots in the control group (data not shown); the higher expression in the intermuscular fat depots may be related to the presence of brown adipocytes interspersed between the muscle bundles of mice [1] .
The feed given to animals may affect adipogenesis; a previous study reported that retinoic acid inhibited Pparγ-induced adipogenesis [15] . Thus, we examined the expression of Fabp4, a gene expressed in mature adipocytes [10] . The expression of Fabp4 was also unaffected by the feed (Fig. 1B) , and expression levels were similar among fat de- Fig. 1 . Expression of Ucp1, Fabp4 and Prdm16 in the white fat depots of fattening cattle. Fattening cattle were fed either a control diet or vitamin A-deficient (Vit A-def) diet for 20 months. At 30 months of age, subcutaneous (sc), mesenteric (mesen), perirenal (pr), intermuscular (inter) and intramuscular (intra) WAT depots were collected, and the expression of Ucp1 (A), Fabp4 (B) and Prdm16 (C) was examined by RT-qPCR. Expression levels were normalized to Hprt1 expression, and expression levels in each WAT depot in the control group were set to 100. Data are shown as the mean ± SE (n=4). *P<0.05.
pots in the control group (data not shown).
Prdm16 is a master regulator of the development of brown adipocytes as well as the emergence of beige adipocytes [20, 21] and is expressed in both stromal vascular cells including brown preadipocytes and brown adipocytes [21] . We found that the expression of Prdm16 was significantly higher in the mesenteric fat depots of cattle fed vitamin A-deficient feed (P=0.045, Fig. 1C) .
The expression of Pgc-1α, Cidea, Cox1, Cox7a1 and Cox8b was previously shown to be higher in classical brown fat depots and white fat depots with more beige adipocytes than in white fat depots with less beige adipocytes [22] [23] [24] . No significant differences were observed in the expression of brown/beige adipocyte-selective genes in subcutaneous fat depots between the groups (Fig. 2) . In contrast, the expression of Pgc-1α, Cidea, Cox1, Cox7a1 and Cox8b in mesenteric fat depots was generally higher in the vitamin Adeficient group than in the control group, with the expression of Cidea being significantly higher in the vitamin A-deficient group (P=0.006). The expression of these brown/beige adipocyte-selective genes including Prdm16 was generally higher in the subcutaneous fat depots than in the mesenteric fat depots in the control group (data not shown).
The negative relationship between body mass index, an index of obesity, and the activity of brown/beige adipocytes [7] suggests that the activation of brown/beige adipocytes may contribute to the marked expenditure of energy in adult humans [17] . A previous study detected brown/beige adipocytes in mature cattle [3] ; therefore, the activation of brown/beige adipocytes may have a deleterious effect on fattening efficiency. Our previous study revealed changes in the expression of Ucp1 and brown/beige adipocyte-selective genes with diet in fattening cattle [3] . The present study demonstrated that the vitamin A-deficient diet did not affect the expression of Ucp1 in the fat depots examined; however, the expression of the brown/beige adipocyte-selective genes was generally higher in the mesenteric fat depots of vitamin A-deficient cattle. Furthermore, the expression of Prdm16, a master regulator of brown/beige adipocyte development [20, 21] , was significantly higher in the mesenteric fat depots of cattle fed the vitamin A-deficient diet; the reason why the expression of Prdm16 was up-regulated in vitamin A-deficient cattle currently remains unclear; therefore, future studies are needed to clarify the factors affecting the expression of Prdm16. The basal expression of Ucp1 in beige adipocytes, but not brown adipocytes was shown to be as low as that in white adipocytes, but was enhanced in response to the activation of β adrenergic receptors [24] . Thus, the present results imply that a vitamin A deficiency may stimulate the emergence of beige adipocytes in the mesenteric fat depots of fattening cattle.
In the present study, the expression of brown/beige adipocyte-selective genes, including Prdm16, in the mesenteric fat depots was generally higher in vitamin A-deficient cattle than in the control cattle, whereas no significant differences were observed in the subcutaneous fat depots between the groups. These results were in contrast to our previous findings [3] . In our previous study [3] , the expression of brown/beige adipocyte-selective genes in the subcutaneous fat depots, but not in the mesenteric fat depots was higher in cattle fed the high concentrate diet than in those fed the high roughage diet; the protein/energy content of the high concentrate diet is higher than that of the high roughage diet. These results suggest that fat depots, in which potential brown/beige adipocytes emerge, vary depending on the manipulated nutrients.
We expected the expression of Ucp1 to be down-regulated in fattening cattle fed the vitamin A-deficient diet based on the retinoic acid-induced transcription of murine Ucp1 [2] . However, the vitamin A deficiency did not affect the expression of Ucp1, and the precise reason for this is currently unknown. A species-dependent effect of retinoic acid-mediated Ucp1 expression has been reported previously; retinoic acid up-regulated the expression of Ucp1 in murine adipocytes, but not in human adipocytes [2, 13, 18] . Three possible retinoic acid-response elements, spanning nt −2490 to nt −2399 of rat Ucp1, have been identified based on the results on footprint assays and transcriptional activation assays; nt +1 has been defined as a translational initiation site. The critical nucleotides within the elements, which were verified by reporter assays using the point-mutated promoter of rat Ucp1 [18] , are mostly conserved in mouse Ucp1 (21 nucleotides within 22 nucleotides in mouse Ucp1 matched those of rat Ucp1). However, the corresponding nucleotides are less conserved in bovine Ucp1 (14/22) and human Ucp1 (17/22) . The transcription of bovine Ucp1 may not be regulated by the vitamin A status.
Alternatively, the regulation of Ucp1 expression in a manner dependent on the location of fat depots may be related to the insensitivity of Ucp1 expression in fattening cattle fed a vitamin A-deficient diet. Schulz et al. [19] revealed the regulation of beige adipocyte activity by brown Fig. 2 . Expression of brown/beige adipocyte-selective genes in the subcutaneous or mesenteric fat depots of fattening cattle. Fattening cattle were fed either a control diet or vitamin A-deficient (Vit Adef) diet for 20 months. The expression of brown/beige adipocyteselective genes in the subcutaneous WAT and mesenteric WAT was examined by RT-qPCR. Expression levels were normalized to Hprt1 expression, and expression levels in the control group were set to 100. Data are shown as the mean ± SE (n=4). **P<0.01.
adipocyte activity; inhibition of brown adipocyte activation stimulated energy expenditure in beige adipocytes. Feeding fattening cattle a vitamin A-deficient diet may regulate the activity of brown and beige adipocytes differently, although the presence of classical brown fat depots has not yet been determined.
